The c-myc proto-oncogene encodes a transcription factor that promotes cell cycle progression and cell proliferation, and its deficiency results in severely retarded proliferation rates. The ATF3 stress response gene encodes a transcription factor that plays a role in determining cell fate under stress conditions. Its biological significance in the control of cell proliferation and its crosstalk regulation, however, are not well understood. Here, we report that the serum response of the ATF3 gene expression depends on c-myc gene and that the c-Myc complex at ATF/CREB site of the gene promoter plays a role in mediating the serum response. Intriguingly, ectopic expression of ATF3 promotes proliferation of c-myc-deficient cells, mostly by alleviating the impeded G1-phase progression observed in these cells, whereas ATF3 knockdown significantly suppresses proliferation of wild-type cells. Our study demonstrates that ATF3 is downstream of the c-Myc signaling pathway and plays a role in mediating the cell proliferation function of c-Myc. Our results provide a novel insight into the functional link of the stress response gene ATF3 and the protooncogene c-myc.
Introduction
The c-myc proto-oncogene regulates cell growth, proliferation, differentiation, and apoptosis, and its deregulation is implicated in the development of numerous human cancers (Henriksson and Luscher, 1996) . Since c-Myc is a transcription factor and its expression is induced by serum and a variety of mitogens, it is important to identify its targets or the modulator gene(s) that mediate its effect on cell proliferation. Recently, several studies have used microarray analysis to compare Myc-driven changes in global gene expression. These studies have revealed that candidate c-Myc target genes fall into a broad spectrum of diverse functional categories, ranging from metabolic enzymes, biosynthesis of macromolecules such as RNA, protein and DNA, transcription, and cell signaling (Menssen and Hermeking, 2002; Fernandez et al, 2003; O'Connell et al, 2003) . The target genes identified in these studies with respect to cell cycle control partially overlap but there are also non-overlapping outliers, perhaps stemming from the different assay systems used in controlling c-Myc expression. Thus, our knowledge of the functional link between c-myc's role in cell proliferation and those target genes is still limited.
Homozygous deletion of the c-myc gene in mice leads to numerous developmental abnormalities and embryonic lethality at 10.5 days of gestation (Davis et al, 1993) . Studies using conditional mutations or incremental reduction of c-Myc expression have shown that c-Myc is required to maintain the proliferation of embryonic fibroblasts, or to regulate the percentage of cells that re-enter the cell cycle (de Alboran et al, 2001; Trumpp et al, 2001) . By contrast, a homozygous c-myc knockout in a rat fibroblast cell line is not lethal but results in a severely retarded cell growth phenotype, mainly due to lengthening of the G1 phase (Schorl and Sedivy, 2003) . This culture model of c-myc knockout has been used extensively to investigate the roles of c-myc and its related target genes in the regulation of cell cycle progression. For instance, cyclin-dependent kinase 4 (CDK4) has been shown to partially restore the proliferation defect of c-mycdeficient cells . Effectors of the c-Myc signaling pathway and its crosstalk in cell proliferation, however, are still largely unknown.
The stress-inducible transcription factor ATF3 is a member of the ATF/CREB family of basic leucine zipper (b-Zip) type transcription factors. It is induced upon exposure of cells to a variety of physiological and pathological stimuli (Hai et al, 1999 , and references therein). The stress response of ATF3 is mediated through the c-Jun N-terminal kinase (JNK) mitogen-activated protein kinase (MAPK) or through a p53-dependent pathway, and stabilization of its mRNA is one mechanism for the control of the rapid induction of ATF3 in HeLa cells treated with anisomycin (Liang et al, 1996) . This response is thought to have detrimental effects on the cell, such as cell cycle arrest and apoptosis (Yin et al, 1997; Hai et al, 1999; Cai et al, 2000; Kang et al, 2003) . On the other hand, ATF3 is also rapidly induced in regenerating liver , or in cells treated with growth-stimulating factors such as serum, epidermal growth factor, or fibroblast growth factor Iyer et al, 1999) . ATF3 partially transforms chick embryo fibroblasts by promoting growth factor-independent proliferation (Perez et al, 2001) , and induces DNA synthesis and expression of cyclin D1 in hepatocytes (Allan et al, 2001) . Recently, we have reported that ATF3 supports cell survival by downregulating p53 transcription in endothelial and cardiac cells Nobori et al, 2002) . ATF3 also protects neuronal cells from JNK-induced cell death by inducing heat shock protein 27 and Akt activation (Nakagomi et al, 2003) . These data support a role for ATF3 in cell proliferation and survival. The transcriptional mechanism and biological significance of ATF3 expression in response to growth stimuli, however, remain elusive.
Here we report that serum response of the ATF3 gene depends on c-myc gene status and that the retarded cell proliferation phenotype of c-myc-deficient cells is partially but significantly restored by ectopic expression of ATF3. This study demonstrates for the first time that ATF3 functionally interacts with the c-Myc signaling pathway, providing a novel insight into the functional coordination between cell cycle control and stress response.
Results
Serum induction of ATF3 is abrogated in c-myc-deficient cells ATF3 has been shown to be rapidly induced in response to partial hepatectomy in the rat or after serum treatment of HeLa cells and fibroblasts Iyer et al, 1999) . We first serum-starved wild-type and c-mycdeficient HO15.19 rat fibroblasts for 48 h, and then stimulated them with serum. ATF3 mRNA was induced in wild-type cells, reaching a maximum level at 3 h after stimulation, whereas ATF3 protein was induced 3 h after stimulation with a peak at 6-12 h ( Figure 1A ). This rapid induction of ATF3 mRNA may partly be due to its increased stability, as reported (Liang et al, 1996) . Under this condition, the c-myc mRNA and protein were more rapidly induced than ATF3, and reached their maximum levels at 1 and 3 h after serum treatment, respectively. In c-myc-deficient cells, on the other hand, ATF3 expression was almost completely abrogated at both the mRNA and protein levels ( Figure 1A ). ATF3 was induced in response to serum at levels similar to wild-type cells in both c-myc heterozygous cells and c-myc homozygous cells reconstituted with a c-myc transgene ( Figure 1B ), indicating that the serum induction of ATF3 gene depends on c-myc gene status. We next treated wild-type and c-mycdeficient cells with UV and etoposide, since ATF3 is also induced in response to various cytotoxic stimuli through JNK/MAPK pathway, or p53-dependent and -independent pathways (Yin et al, 1997; Hai et al, 1999; Cai et al, 2000) . ATF3 was induced by these stress stimuli in both cell types at similar levels ( Figure 1C ), indicating that the signaling pathway(s) of ATF3 stress response to UV and etoposide is not c-Myc dependent.
Serum induction of ATF3 is mediated by the ERK/MAPK pathway
Serum treatment causes a rapid phosphorylation of extracellular signal-regulated kinase (ERK) and eventually leads to the activation of its target gene promoters. We thus examined the effect of PD98059, a specific MEK1 kinase inhibitor that suppresses the phosphorylation of ERK, on ATF3 induction. PD98059 almost completely abolished the serum induction of ATF3, whereas JNK inhibitor SP600125 or p38 inhibitor SB203580 had no significant effect. This indicates that the activation of MEK1/ERK is essential for the serum-induced expression of ATF3 (Figure 2A ). Serum treatment caused rapid phosphorylation of ERK with similar kinetics in both wild-type and c-myc-deficient cells ( Figure 2B ), in agreement with a previous report (Mateyak et al, 1999) . These data strongly suggest that serum induction of ATF3 is impaired downstream of the ERK/MAPK activation in c-myc-deficient cells. 
Serum induction of ATF3 promoter activity is suppressed in c-myc-deficient cells
To determine whether the c-myc-dependent serum induction of ATF3 is regulated at the level of transcription, we performed an ATF3 gene reporter assay. Figure 3A illustrates the putative promoter elements of the ATF3 gene promoter, including c-Myc/Max binding sites as well as consensus motifs mediating the serum response (Liang et al, 1996) , which are highly conserved between human and rat. As can be seen in Figure 3B , the ATF3 promoter was activated 3.8-fold in wild-type cells after serum treatment, and this activation was suppressed in the presence of PD98059. On the other hand, basal promoter activity in c-myc-deficient cells in the absence of serum was one-fifth the level of wild-type cells, and its induction by serum was significantly abrogated with only 1.1-to 1.3-fold activation. Both the basal and seruminduced promoter activities were fully restored in HO/myc3 cells containing the c-myc transgene. We next measured ATF3 promoter activity in wild-type cells using various deletion mutants. The deletion constructs down to À221 were all induced by serum ( Figure 3C ). In contrast, a further deletion down to À84 almost completely abolished serum induction. Since the region between À221 and À84 contains the putative ATF/CRE motif at À92 to À85, we performed the assay using the pLucATF3-1850m containing two point mutations at the ATF/CRE site (Cai et al, 2000) . This mutation caused a marked reduction of serum-induced activity ( Figure 3C ). We next examined serum response of the reporter after expressing c-Myc protein in c-myc-deficient cells. c-Myc expression restored the serum response of pLucATF3-1850, -632, and -221, but had no effect on that of pLucATF3-84 and -1850m ( Figure 3D ), whereas control or LacZ expression had no effect. Combined, these results indicate that the ATF/CRE site in the ATF3 gene promoter represents one of the major elements responsible for the c-Myc-dependent serum response of ATF3.
ATF2/c-Jun complex binds the ATF/CRE motif and c-Myc is recruited to the proximal region of the ATF3 promoter We next performed a gel mobility shift assay using the ATF/CRE motif as a DNA probe. Incubation of probe with nuclear extracts from serum-starved cells produced bands over a broad size range ( Figure 4A ). These bands were specific for the ATF/CRE site, since assays in the presence of a wild-type cold probe but not mutant probe completely abolished their formation (data not shown; Cai et al, 2000) . The intensity of these bands in serum-stimulated cells was significantly higher than in serum-starved cells. In supershift assays using various antibodies, both anti-ATF2 and anti-c-Jun antibodies resulted in supershifts, indicating that they are components of the protein-DNA complex ( Figure 4A ). Antibodies against ATF3, ATF4, CREB, JunB, or JunD did not result in any apparent supershifts (data not shown). Anti-c-Myc antibody decreased the intensity of the bands formed. The data indicate that ATF2 and c-Jun are induced to bind to the ATF/CRE motif in response to serum, and c-Myc might be involved in the complex formation (see also Supplementary Figure S1 ). To further investigate this possibility, we performed a chromatin immunoprecipitation (ChIP) assay to examine the in vivo recruitment of these factors to the ATF3 gene promoter. Both anti-ATF2 and anti-c-Jun antibodies immunoprecipitated the proximal region of the ATF3 gene promoter from À120 to þ 30, containing the ATF/CRE motif, in both serum-starved and serum-stimulated cells, whereas control IgG did not ( Figure 4B ). The anti-c-Myc antibody also immunoprecipitated the proximal promoter region after serum treatment, while it immunoprecipitated very little, if any, of this region in serum-starved cells. When ChIP assay was performed using an anti-ATF2 or an anti-c-Jun antibody, the promoter region was less efficiently immunoprecipitated in c-myc-deficient cells than in wild-type cells, indicating that ATF2/c-Jun binding is c-Myc dependent. In the light of these results, we conclude that ATF2 and c-Jun become activated to bind to the ATF/CRE motif in vivo, and c-Myc is also recruited to this region of ATF3 in response to serum.
c-Myc associates with ATF2/c-Jun complex both in vivo and in vitro
To determine the nature of c-Myc recruitment to the proximal region of ATF3 gene promoter, we performed an immunoprecipitation assay using cells overexpressing c-Myc, ATF2, and c-Jun. As illustrated in Figure 4C (see also Supplementary Figure S2 ), both anti-ATF2 and anti-c-Jun antibodies specifically immunoprecipitated the ATF2/c-Jun complex. Under this condition, c-Myc protein was also co-precipitated by these antibodies, but not by control IgG. When the assay was performed with anti-c-Myc antibody, both ATF2 and cJun were co-precipitated, clearly indicating that c-Myc, ATF2, and c-Jun form a complex in vivo. To address whether c-Myc directly interacts with ATF2/c-Jun complex, an in vitro binding assay was performed using recombinant GST-c-Myc, ATF2, and c-Jun proteins. c-Myc was capable of binding to ATF2, while it formed very little, if any, complex with c-Jun ( Figure 4D , left panel). This was also observed when the mixture was inversely immunoprecipitated with an anti-ATF2 or an anti-c-Jun antibody ( Figure 4D , right panel). In contrast, when GST-c-Myc was mixed with ATF2 and c-Jun together, c-Myc bound to ATF2/c-Jun complex ( Figure 4D , left lower panel). These data suggest that c-Myc forms a ternary complex with ATF2/c-Jun through its direct binding to ATF2.
Expression of ATF3 promotes cell cycle progression in c-myc-deficient cells
Homozygous deletion of the c-myc gene in rat fibroblasts significantly impedes G1-phase progression and results in the severe retardation of cell proliferation rates (Schorl and Sedivy, 2003) . Since our data indicate that ATF3 is induced downstream of c-myc, we overexpressed the ATF3 protein in c-myc-deficient cells to test whether ATF3 can rescue their proliferation defect. We first employed adenovirus-mediated gene transfer to control the duration and amount of ATF3 expression such that it mimics the in vivo serum induction of ATF3. As illustrated in Figure 5A , ATF3 promoted the proliferation of c-myc-deficient cells, while LacZ expression had no effect. By contrast, ATF3 exerted only a marginal effect on the proliferation of wild-type cells. The level of ATF3 expression at 25 MOI was comparable to that observed in seruminduced wild-type cells while at 50 MOI it was two-to threefold higher ( Figure 5B), indicating that the expression of ATF3 at physiological amounts exerts cell proliferation activity. In the absence of serum, however, ATF3 was not capable of promoting cell proliferation. We also performed retrovirus gene transfers and established c-myc-deficient cell lines stably expressing ATF3 to examine the effect of ATF3 in a long-term assay. As in Figure 5C , these cell lines proliferated faster (Liang et al, 1996) . Human ATF3 reporter plasmids containing various deletions or two point mutations of ATF/CRE site are also depicted. (B) Serum induction of ATF3 promoter activity was assayed in wild-type TGR1 cells using pATF3Luc1850 in the presence or absence of 25 mM PD98059 for 24 h. Results are mean7s.d. of triplicate assays. compared to their parent cells. Moreover, the A2 cell line expressing ATF3 at an amount higher than A1 displayed a higher proliferation rate. A1 cells displayed a roughly circular outline with occasional long processes as parental c-mycdeficient HO15 cells (Mateyak et al, 1997) , demonstrating that the ATF3 expression causes no significant alteration of Figure 4 Binding of ATF2/c-Jun to ATF/CRE motif and c-Myc recruitment to the ATF3 gene promoter in response to serum. (A) Nuclear extract from wild-type cells serum starved or serum stimulated for 3 h was assayed for gel shift using radiolabeled DNA probe from À102 to À73 containing the ATF/CRE motif. From left: probe only, extract from the starved or serum-stimulated cells with or without the indicated antibodies. sp: specific bands; ns: nonspecific bands; arrow: supershift by anti-ATF2 antibody; arrowhead: supershift by anti-c-Jun antibody. In the inset, the expressions of c-Myc, ATF2, and c-Jun proteins were measured by Western blot. (B) Upper panel: Serum-starved or serumstimulated wild-type cells were crosslinked with formaldehyde, and ChIP assay was performed using anti-c-Myc, anti-ATF2, or anti-c-Jun antibodies. ATF/CRE promoter region from À120 to þ 30, upstream region 1 from À370 to À120, and upstream region 2 from À570 to À370 were amplified by 26 cycles of PCR. Lower panel: c-myc-deficient cells were also subjected to ChIP assay, as above. ATF/CRE promoter region was also amplified by 28 cycles of PCR. cell shape. Taken together, these results clearly indicate that ATF3 is capable of promoting the proliferation of c-mycdeficient cells.
Cell cycle promoters are upregulated and G1-phase progression defect is alleviated by ATF3 in c-mycdeficient cells
To assess the effect of ATF3 on cell cycle progression, we measured Cdk4 and Cdk2 activities in c-myc-deficient cells exogenously expressing ATF3. While LacZ expression had no effect, ATF3 expression resulted in increased kinase activity by both Cdk4 and Cdk2, providing biochemical evidence that ATF3 promotes cell cycle activation ( Figure 6A ). Next, we synchronized these cells at G0 by serum starvation, and examined the expression of various cell cycle regulators after stimulating them with serum. As illustrated in Figure 6B , the expressions of cyclins D1, E, and A, and Cdk2 and Cdk4 were all upregulated in these cells compared Cell proliferation by ATF3 in c-myc-deficient cells K Tamura et al to control LacZ-expressing cells. We then examined cell cycle progression by flow cytometry. As shown in Figure 7A and Table I (see also Supplementary Figure S3 and Supplementary  Tables 1 and 2 ), the percent cell cycle distribution and the G1-phase duration of c-myc-deficient cells were significantly restored in A2 cells, which stably express ATF3, although S and G2/M phases were less affected. To assess cell cycle profile more accurately, we pulse-labeled the A2 cells with 5-bromodeoxyuridine (BrdU) and corrected the fluorescenceactivated cell sorting (FACS) data as in Table I . The result supports a rather selective restoration of G1-phase duration in A2 cells. Alternatively, A2 cells were synchronized in M phase by mitotic shake-off and labeled with BrdU. The cells displayed significantly enhanced incorporation of BrdU and exhibited a shortened G1 phase of 11.7 h, compared to 30.4 h of parental c-myc-deficient cells ( Figure 7B and Table I ). Overall, ATF3 expression significantly decreased the duration of the cell cycle of c-myc-deficient cells from 46.8 to 26.8 h in A2 cells. These data indicate that ATF3 alleviates the inhibition of cell cycle progression in c-myc-deficient cells by upregulating various cell cycle regulators and selectively augmenting the G1-phase progression of the cell cycle.
Serum-induced cell proliferation is inhibited by knockdown of ATF3
We next addressed whether ATF3 is implicated in seruminduced cell proliferation of wild-type cells by employing a loss-of-function approach via an RNA interference-mediated gene knockdown. We isolated wild-type TGR1 cell lines stably expressing siRNAs for ATF3, starved these cells for 48 h, and then stimulated with 10% serum. As illustrated in Figure 8A , ATF3 induction by serum was significantly suppressed in cell lines #1 and #2, while c-Myc induction was not affected. The proliferation of these cells was significantly suppressed compared with control cells ( Figure 8B ). Moreover, various deletions of ATF3 had inhibitory effect on the proliferation of wild-type cells, possibly acting in a dominant-negative manner (see Supplementary Figure S4 ). These data clearly indicate that ATF3 plays a crucial role in supporting cell proliferation in response to serum. 
Discussion
The stress response gene ATF3 is induced by various stress stimuli and its activation is associated with cell death (Yin et al, 1997; Hai et al, 1999; Cai et al, 2000 , Kang et al, 2003 , survival Nobori et al, 2002; Nakagomi et al, 2003) , and cell proliferation Mohn et al, 1991; Iyer et al, 1999; Allan et al, 2001; Perez et al, 2001) . Thus, ATF3 can function differently depending on cellular context. In this study, we have demonstrated that ATF3 is induced downstream of the c-Myc signaling pathway and plays a crucial role in mediating cell proliferative activity of c-Myc during serum response. Using rat c-myc-deficient cells, we have shown that ATF3 is induced downstream of the c-Myc signaling pathway in response to serum, as illustrated in our model in Figure 9 . This is supported by the following results: (1) ATF3 mRNA and protein were induced at times later than those of c-myc ( Figure 1A) ; (2) ATF3 induction was abrogated in c-mycdeficient cells, and reconstituting these cells with the c-myc transgene restored the serum response ( Figure 1A and B); and (3) serum induction of ATF3 reporter activity was severely repressed in c-myc-deficient cells, while coexpression of reporter with c-Myc restored activity (Figure 3) . In contrast, ATF3 induction by DNA damage was not c-Myc dependent, suggesting that c-Myc might not be significantly involved in p53-dependent or -independent stress response of ATF3 (Fan et al, 2002; Zhang et al, 2002) .
Induction of ATF3 was previously shown to be mediated, at least in part, by increased stability of the message in anisomycin-treated HeLa cells (Liang et al, 1996) , whereas TNFa-mediated induction of ATF3 mRNA, but not its stabi- e G1 phase duration from data in Figure 7B . Values for 50% labeling index are shown. lity, is regulated by the JNK and ERK pathways in vascular endothelial cells (Inoue et al, 2004) . In this study, we have further demonstrated that the serum induction of ATF3 is also regulated at transcription level, and ATF/CRE motif of the ATF3 gene promoter plays a role in its serum-dependent and c-Myc-dependent activation. In both gel shift and ChIP assays, the ATF2/c-Jun complex was already bound to the ATF/CRE motif in the absence of serum but its binding was significantly enhanced after serum treatment (Figure 4 ). This is consistent with the idea that the factors bound to the motif are not activated prior to serum treatment, but activated via ERK MAPK after serum stimulation. It has in fact been demonstrated that ATF2 and c-Jun are activated through this pathway in serum-treated cells Ouwens et al, 2000) , and the coexpression of ATF2 and c-Jun activates the ATF3 promoter, supporting synergistic action of these factors (Liang et al, 1996) . c-Myc was involved in the serum-dependent activation of the ATF3 gene, most likely independent of DNA binding, since c-Myc conferred serum response on the pLuc-221 reporter that contains an ATF/CRE site but no apparent E box ( Figure 3D ). c-Myc was recruited to the proximal promoter region of the ATF3 gene after serum stimulation, and this region, from À120 to þ 30, does not contain any putative E boxes or other sequences for c-Myc's recruitment such as YY-1 (Shrivastava et al, 1996) , SP1, Ap2, or Miz-1 sites (Sakamoto and Prendergast, 1999) . Thus, we speculate that the ternary complex of ATF2/c-Jun/c-Myc is formed at or around the ATF/CRE site. This is supported by our data demonstrating that c-Myc interacted with ATF2/cJun both in vivo and in vitro ( Figure 4C and D) . This complex may be recruited to the chromatin remodeling complex or the RNA polymerase II initiation complex, thereby mediating the serum response in a concerted action with ATF2 and c-Jun. Indeed, SWI/SNF (Cheng et al, 1999; McMahon et al, 2000) and some general transcription factors such as TBP and pTEFb (Eberhardy and Farnham, 2001 ) have been reported to interact with c-Myc. However, the molecular mechanism by which c-Myc activates the ATF3 gene in response to serum currently remains unclear. It should be noted that the c-Myc protein is stabilized by the phosphorylation of its serine 62 residue by the MAPK/ERK signaling pathway (Sears et al, 1999; Sears et al, 2000) . This rapid stabilization of c-Myc along with its transcriptional induction may act to efficiently induce ATF3 during the initial stage of cell proliferation. In this study, we could not determine the significance of the binding sites for c-Myc, E2F, SRF, or AP1 in the ATF3 promoter, although the deletion of these sites slightly reduced the serum response of the reporter when the activity of pLuc-1850 was compared with that of pLuc-632 ( Figure 3C ). Further studies are needed to understand the significance of these sites in serum response. More intriguingly, ATF3 significantly promoted the proliferation of c-myc-deficient cells that otherwise display a severe retardation of cell cycle progression. This effect of ATF3 may have a role in vivo since enhanced cell proliferation was observed by expression of ATF3 at physiological levels ( Figure 5 ). Furthermore, knockdown of ATF3 by siRNA (Figure 8) or expression of deletion mutants of ATF3 (Supplementary Figure S4) strongly inhibited serum-induced cell proliferation. ATF3 restored the delayed progression of G1 phase in c-myc-deficient cells, as determined by flow cytometry and BrdU labeling (Figure 7 and Table I) , and induced the expression of cyclins D1, A, and E, and activated CDK2 and CDK4 (Figure 6 ). In this regard, it has been shown that cyclin D1 is transcriptionally induced by ATF3 (Allan et al, 2001) , which suggests that ATF3 induces cyclin D1, which in turn cooperates with CDK4 to promote G1-phase progression. Furthermore, CDK4 has been shown to be a direct target of c-myc, and overexpression of CDK4 partly alleviates the cell growth defect of c-myc-deficient cells . By contrast, it has also been shown that the overexpression of cyclin D1, E, or A alone does not significantly improve the doubling time of c-mycdeficient cells (Mateyak et al, 1999) . Thus, it is possible that not a single but multiple cell cycle regulators of G1 phase are directly or indirectly activated by ATF3, and these combined effects lead to a significant decrease in doubling time. Consistent with this notion, the expressions of cyclins E and A were strongly upregulated in our microarray analysis (data not shown). We have previously shown that ATF3 downregulates p53 gene transcription , which may result in the downregulation of the cell cycle inhibitor p21. The level of p21, however, was not significantly influenced in c-myc-deficient cells by ATF3 (data not shown). It should be noted here that the cell cycle progression of c-myc-deficient cells was enhanced only in the presence of serum ( Figure 5B ). Although it is not clear at this moment why serum signal is required in addition to the ectopic expression of ATF3, we speculate that target gene(s) of ATF3 including cell cycle regulators is controlled in a serum-dependent manner. Nevertheless, partial but significant rescue of proliferation of c-myc-deficient cells by ATF3 is noteworthy, since such a remarkable restoration has never been observed by any other target genes of c-Myc. Identification of ATF3 targets, direct or indirect, may uncover the underlying molecular mechanism by which ATF3 controls cell cycle, and such a study is now in progress.
Our study demonstrates for the first time a crosstalk regulation between c-myc and ATF3 in cell proliferation. ATF3 is rapidly induced in the regenerating liver Mohn et al, 1991) , very early in which c-myc transcript is also induced (Makino et al, 1984) . Thus, c-Myc and ATF3 together may regulate liver regeneration. Moreover, ATF3 is overexpressed in murine melanoma cells with high metastatic potentials (Ishiguro et al, 1996) , and the ATF3 gene is amplified in esophageal cancer cells (Prmkhaokham et al, 2000) . Since c-Myc expression is commonly deregulated in hepatocellular cancer with poor prognosis (Shachaf et al, 2004) , c-Myc/ATF3 crosstalk might play a role in oncogenesis and its progression.
Finally, our results demonstrate for the first time that ATF3 promotes the proliferation of c-myc-deficient cells by alleviating their impeded G1-phase progression. This provides a novel functional interaction between the stress response gene ATF3 and the proto-oncogene c-myc. Further investigations should shed light on the biological implications of ATF3 in cellular stress response, cell proliferation, and oncogenesis. , and anti-CDK2 (M2) antibodies from Santa Cruz, anti-c-Myc (R950-25) antibody from Invitrogen, anticyclin D1(Ab-3) from Calbiochem, anti-p44/42 MAPK (#9101) and anti-phospho-p44/42 MAP (Thr202/Try204) E10 antibody (#9102) from Cell Signaling Technology, and anti-Flag (F-3165) and anti-btubulin (T-4026) antibodies from Sigma. Expression plasmids for c-Myc and LacZ contained mouse c-Myc and LacZ cDNAs, respectively, under the control of the SRa promoter in pcDEBD, as described (Nakabeppu et al, 1993) . PD98059, SP600125, and SB203580 were from Calbiochem and etoposide was from Sigma. Other biochemicals used were reagents grade.
Cell culture and serum treatment TGR-1 is a subclone of the immortalized rat embryonic Rat-1 cell line. The HO15.19 and HET15 cell lines contain homozygous or heterozygous deletions of the c-myc gene, respectively, as described previously (Mateyak et al, 1997) . HO/myc3 cell line is a c-myc transgene-expressing derivative of the HO15.19 cell line (Mateyak et al, 1999) . Cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% calf serum, 100 U/ml penicillin, and 100 mg/ml streptomycin in a 5% CO 2 atmosphere at 371C. For serum stimulation, cells were first starved in medium containing 0.25% serum for 48 h and subsequently stimulated with 10% serum for the indicated times.
RNA isolation and Northern blot analysis
Total RNA (10 mg) was isolated by an acid-guanidinium method and subjected to Northern blot analysis using cDNA probe for the rat ATF3 gene, as described (Cai et al, 2000) . Rat ATF3 cDNA was a generous gift from Dr T Hai of Ohio University.
Whole-cell extract preparation and Western blot analysis
Whole-cell extract was prepared as described , and the amount of protein was quantitated using bovine serum albumin as a standard (Lowry et al, 1951) . Whole-cell protein extract (20 mg) was separated on an SDS-polyacrylamide gel, subjected to Western blot analysis, and visualized by chemiluminescence according to the ECL kit protocol from Amersham.
Luciferase assay
Reporter plasmids containing various lengths of the 5 0 -upstream region of the human ATF3 gene promoter or mutations of ATF/CRE motif at À92 and À85 are as described (Cai et al, 2000) . Approximately 3 Â10 5 cells at 70-80% confluency in a 35 mm dish were cotransfected with reporter plasmid and the effector expression vector. After serum starvation in media containing 0.25% serum for 48 h, cells were stimulated with 10% serum and incubated for another 24 h. Serum-starved cells were also treated by 25 mM PD98059 for 2 h, and then stimulated by serum. Supernatants of cell extracts were assayed for firefly and seapansy luciferase activity using a dual luciferase reporter assay system (Promega). pRL-CMV (Toyo Ink) containing the seapansy luciferase gene was used as an internal control for transfection and expression.
Electrophoretic mobility shift assay Nuclear extracts were prepared from the serum-starved and serumfed TGR1 cells (2 Â10 7 cells), as described (Cai et al, 2000) . Nuclear protein extracts (2 mg) were incubated in 20 ml of binding buffer (10 mM HEPES-KOH, pH 7.9, 60 mM KCl, 0.5 mM EDTA, 5 mM MgCl 2 , 0.1 mM PMSF, 5 mM b-mercaptoethanol) containing 0.5 mg of poly(dI-dC) and 0.5 ng of radiolabeled DNA probe at room temperature for 30 min. For the supershift assay, 0.1 mg of anti-ATF2, -c-Jun, or -c-Myc antibodies were added and incubated for another 30 min. DNA probe was obtained by annealing 0.1 mg each of sense and antisense oligonucleotides for ATF/CRE site as described previously (Cai et al, 2000) , and radiolabeled with 25 mCi of [g-32 P]ATP (6000 Ci/mmol) and polynucleotide kinase. Binding mixture was applied onto a 5% nondenaturing polyacrylamide slab gel in Tris-borate-EDTA buffer. After electrophoresis, the gel was dried on a 3 MM Whatman paper and visualized by Fuji Bas 2500 image analyzer.
Chromatin immunoprecipitation assay
ChIP assays were performed according to the protocol supplied from Upstate. Immunoprecipitations were performed using indicated antibodies. PCR was performed with the following primer pairs for three different regions of ATF3 gene promoter: ATF/CRE promoter region from À120 to þ 30, 5 0 -GGCCAGTTCTCCCTG GAAGC-3 0 and 5 0 -AAGCACCTGGCACCGCGCGT-3 0 ; upstream region 1 from À370 to À120, 5 0 -GCCGGTAACCGTGTGGATTC-3 0 and 5 0 -GACTAGGTGAGGCTGGGAAG-3 0 ; and upstream region 2 from À570 to À370, 5 0 -TAGCGGAGGGAGAGATGCCA-3 0 and 5 0 -GAGACCGCG GACTTGGTGAT-3 0 .
Binding assay
For in vivo binding, 293T cells (3 Â10 6 cells) were transfected with 3 mg each of expression vectors for c-Myc, ATF2, and c-Jun. At 48 h after transfection, whole-cell extracts were prepared and incubated with 0.5 mg of indicated antibody at 41C for 3 h, followed by incubating with 30 ml Protein G-Sepharose (Pharmacia) for 2 h. The resulting immunocomplex was washed and subjected to Western blot analysis. For in vitro binding, full-length c-Myc was expressed as GST fusion using pGEX-6P1 (Pharmacia), and ATF2 and c-Jun were expressed using pET21a (Novagen). Bacterial extracts containing these recombinant proteins were mixed in a binding buffer (50 mM Tris-HCl, pH 8.0, 0.1 M NaCl, 1 mM EDTA, 1 mM bmercaptoethanol, 10% glycerol) at 41C for 60 min. After further incubation with 30 ml of glutathione-Sepharose beads (50% slurry; Pharmacia), or 0.5 mg of anti-ATF2 or anti-c-Jun antibody followed by 30 ml Protein G-Sepharose, protein complex was washed and detected by Western blot using indicated antibody.
Ectopic expression of ATF3 by adenovirus or retrovirus gene transfer
Adenovirus vectors encoding the full-length human ATF3 gene (AdATF3) or b-galactosidase (AdLacZ) were prepared using standard methods (Miyake et al, 1996) as described earlier . For preparing retrovirus encoding the human ATF3, 543 bp of cDNA was subcloned into the Xho1 site of the retrovirus vector pMXs-neo and packaged in Plat-E cells (Morita et al, 2000) . Following the infection of c-myc-deficient HO15.19 cells, colonies were selected with 400 or 600 mg/ml of G418 (nacalai).
Isolation of TGR1 cell lines stably expressing ATF3 siRNA
Oligonucleotides for expressing stem-loop RNAs that target two different regions of rat ATF3 were subcloned into pMXneo under human U6 promoter. The vector was kindly supplied by Dr T Adachi from our institute. Sequences used were:
#1 5
0 -GATCGAAGGAACATTGCAGAGCTGTGTGCTGTCCAGCTCTGC AATGTTCCTTCTTTTG-3 0 and 5 0 -GATCCAAAAGAAGGAACATTGCAGAGCTGGACAGCACACAGCTC TGCAATGTTCCTTC-3 0 , and #2 5 0 -GATCGAATGAGAAGCAGCATCTGGTGTGCTGTCCCAGATGCT GCTTCTCATTCTTTTG-3 0 and 5 0 -GATCCAAAAGAATGAGAAGCAGCATCTGGGACAGCACACCAGAT GCTGCTTCTCATTC-3 0 that target amino-acid regions from 176 to 181 and from 137 to 142, respectively. Wild-type TGR1 cells were infected with these retroviruses and cultured in media containing 800 mg/ml of G418.
Assay for serum-induced cell proliferation
Cells treated as indicated were starved in medium containing 0.25% serum. After 48 h, cells were stimulated with 10% serum and cell number was measured at the indicated time intervals. By staining with 0.2% Trypan blue, cell viability was more than 95% in all assays.
Fluorescence-activated cell sorting analysis
Approximately 3 Â10 5 asynchronously cycling cells were harvested, washed once with PBS, and fixed with 70% ice-cold ethanol. After staining with 50 mg/ml of propidium iodide, DNA content of the cells was analyzed by using FACScan (Becton Dickinson). Cells at each phase of the cell cycle were measured and expressed as percent of total cells.
BrdU incorporation assay
Asynchronously cycling cells were pulse-labeled by BrdU for 15 min using in situ cell proliferation kit (Roche) and its incorporation value was determined by scoring BrdU-positive cells after histochemical staining as described (Schorl and Sedivy, 2003) . Cells
(1 Â10 4 cells) were also synchronized in M phase by mitotic shakeoff, plated in 24-well plates, and labeled by 10 mM BrdU. At each time point indicated, BrdU incorporation was stopped by adding ascorbic acid to a final concentration of 67 mM, and the labeled cells were counted after staining with anti-BrdU monoclonal antibody from Roche. Percent of BrdU-positive cells was scored as labeling index (Schorl and Sedivy, 2003) .
Statistical analysis
Multiple comparisons were evaluated by ANOVA followed by Scheffe's post hoc test. Data are presented as mean7s.d. Statistical significance was assigned at the level of Po0.05.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
